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The  Solution  Precursor  Plasma  Spray  (SPPS)  process  was  successfully  used  to  deposit  cermet  coatings 
that  exhibit  fine  microstructures  with  high  surface  area.  MgO  addition  in  Ni-YSZ  and  Ni-SDC  cermets 
results  in  (Ni,Mg)0  solid  solution  formation,  and  nickel  particles  after  reduction  are  finer  than  in  coatings 
without  magnesia.  The  influence  of  MgO  on  the  chemical  stability  of  cermets  in  anodic  operating 
conditions  is  discussed.  It  was  found  that  a  sufficient  amount  of  magnesia  addition  (Nio.g(MgO)o.i)  helps 
to  reduce  carbon  deposition  in  dry  methane. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  promising  devices  for  elec¬ 
tricity  generation.  The  most  common  anode  material  is  a  nickel- 
based  cermet,  for  example,  either  Ni-YSZ  (yttria-stabilized 
zirconia)  or  Ni-SDC  (samaria-doped  ceria)  for  SOFCs  with  YSZ  or 
SDC  electrolytes,  respectively.  These  cermets  display  excellent 
catalytic  properties  for  fuel  oxidation  and  good  electronic 
conductivity.  However,  they  still  suffer  from  a  number  of  draw¬ 
backs,  such  as  coarsening  of  nickel  grains  [1  ]  and  carbon  deposition 
in  hydrocarbon  fuels  [2].  In  the  latter  case,  active  sites  are  covered 
with  deposited  carbon,  resulting  in  the  deactivation  of  the  catalyst 
sites,  and  thus  a  loss  of  SOFC  cell  performance.  Irreversible 
performance  loss  can  occur  when  carbon  dissolves  in  the  Ni  and 
then  precipitates  as  carbon  fibers,  leading  to  disintegration  by 
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metal  dusting.  One  way  to  prevent  or  suppress  these  modes  of 
degradation  is  the  incorporation  of  a  third  phase  in  the  cermet.  In 
particular,  the  addition  of  an  alkaline  earth  oxide  such  as  MgO  may 
improve  the  stability  of  Ni-based  cermets.  Indeed,  NiO-MgO  solid 
solutions  have  been  used  for  many  years  as  catalysts  for  the  carbon 
dioxide  reforming  of  methane  [3].  The  use  of  MgO  in  supported 
nickel  catalyst  systems  has  been  found  to  reduce  carbon  deposition 
during  the  steam  reforming  of  methane  [4]. 

In  addition,  NiO-MgO  solid  solutions  exhibit  good  thermal 
stability  due  to  their  high  metal  dispersion,  resulting  in  little 
coarsening  of  Ni  particles  after  sintering  [4-7],  and  the  addition  of 
4  mol.%  of  MgO  with  respect  to  NiO  results  in  suppression  of  Ni  re¬ 
oxidation  by  inhibiting  NiO-Ni  particle  shape  changes  during 
reduction-oxidation  cycles  [8].  Moreover,  the  high  dispersion  of  Ni 
particles  results  in  a  high  activity  for  reforming  of  methane  [5,9]. 

In  order  to  create  a  very  fine  microstructure  of  Ni  and  MgO  in 
cermets  in  this  work,  a  manufacturing  process  based  on  plasma 
spraying  was  employed.  A  wide  range  of  manufacturing  processes 
are  used  to  produce  planar  and  tubular  SOFCs,  such  as  screen 
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printing,  tape  casting,  vapor  deposition,  and  plasma  spraying 
[10,11].  Wet  ceramic  techniques  require  long  processing  times  and 
high-temperature  heat  treatments.  In  contrast,  plasma  spraying  is 
a  rapid  process  that  can  be  used  to  fabricate  each  of  the  active  cell 
components,  with  many  potential  advantages  such  as  rapid 
production,  material  compositional  flexibility,  and  the  elimination 
of  the  need  for  high-temperature  sintering  processes.  These 
advantages  can  make  the  process  particularly  beneficial  for  the 
fabrication  of  metal-supported  cells  as  a  way  to  lower  the  material 
cost  and  increase  the  durability  of  the  fuel  cells. 

In  the  case  of  traditional  atmospheric  plasma  spraying  (APS), 
dry  powders  are  injected  into  a  high  temperature  and  high  velocity 
plasma,  accelerated,  melted,  and  deposited  on  a  substrate  [12]. 
Plasmas  used  in  the  process  typically  have  a  high  enthalpy  density, 
high  temperature,  high  velocity,  and  high  heat  transfer  rates  to  the 
injected  feedstock  powders,  making  it  possible  to  rapidly  melt 
ceramic  and  metal  feedstock  powder  particles  in  milliseconds.  The 
process  allows  fully-consolidated  coatings  to  be  produced  without 
sintering,  which  facilitates  the  use  of  otherwise  incompatible 
materials,  such  as  metal  supports  with  electrolytes  that  would 
otherwise  require  high-temperature  sintering  or  adjacent  electro¬ 
lyte  and  electrode  materials  that  would  otherwise  inter-react 
during  sintering  but  not  during  cell  operation. 

A  wide  range  of  spraying  and  process  parameters  can  be  controlled 
along  with  the  powder  properties  to  achieve  desired  coating  proper¬ 
ties.  An  alternative  to  the  use  of  dry  powders  as  feedstock  is  the  use  of 
liquid-based  feedstock.  Liquid  feedstock  can  take  the  form  of  powders 
dispersed  in  a  liquid  (suspension  plasma  spraying,  SPS  [13,14])  or  of 
homogeneously  dissolved  precursor  materials  in  a  solvent  (solution 
precursor  plasma  spraying,  SPPS  [13-15]).  These  methods  have  the 
advantage  of  facilitating  the  use  of  finer  feedstock  particle  sizes  in  the 
case  of  SPS  or  of  atomically-mixed  precursor  feedstock  in  the  case  of 
SPPS,  both  of  which  have  the  potential  to  produce  electrodes  with  finer 
structures  without  subsequent  sintering.  Moreover,  SPPS  is  a  simple, 
single-step  and  rapid  technique  for  both  synthesizing  and  depositing 
materials.  The  preparation  of  the  feedstock  is  easier  in  SPPS  than  in 
methods  using  powder-based  feedstock  because  there  is  no  need  for 
powder  feedstock  preparation  such  as  agglomeration  by  spray  drying 
or  for  dispersion  of  powders  in  suspensions. 

This  study  aims  to  realize  stable  Ni-based  SPPS-fabricated 
cermets.  It  thus  deals  with  the  fabrication  method  and  the  effect  of 
MgO  addition  on  both  the  coking  resistance  and  the  stability  in 
operating  conditions.  Therefore,  the  present  work  aims  to  develop 
new  and  simpler  manufacturing  methods  based  on  SPPS  to  fabri¬ 
cate  anodes  with  improved  performance  compared  to  anodes  with 
the  same  materials  fabricated  by  wet  ceramic  techniques. 

2.  Experimental  procedure 

2.2.  Feedstock  preparation 

The  precursor  solutions  were  obtained  by  dissolving  stoichio¬ 
metric  amounts  of  Ni(N03)2-6H20  (98%),  Mg(N03)2-6H20  (98%), 
Zr0Cl2-8H20  (98%),  Y(N03)3-6H20  (99.9%),  Ce(N03)3-6H20  (99.5%) 
and  Sm(N03)3-6H20  (99.9%)  all  from  Alfa  Aesar  (Ward  Hill,  MA),  in 
deionized  water.  Compositions  of  ceramic  phases  are  8  mol.%  Y2O3 
stabilized  ZrC>2  for  YSZ  and  Smo.isCeo.ssC^-y  for  SDC,  and  the  tar¬ 
geted  metal  to  ceramic  phase  ratio  is  40-60  vol.%  after  reduction. 
The  targeted  quantity  of  MgO  is  (NiO)o.g(MgO)o.i-YSZ  and 
(NiO)o.9(MgO)0.i-SDC. 

2.2.  Spray  parameters 

Coatings  were  produced  at  atmospheric  pressure  using  an  Axial 
III  Series  600  plasma  torch  (Northwest  Mettech  Corp.,  North 


Vancouver,  BC,  Canada).  The  plasma  jet  is  generated  by  flowing  gas 
across  three  separate  cathode-anode  pairs.  The  plasma  gas  is 
a  mixture  of  nitrogen,  argon  and  hydrogen,  with  their  respective 
amounts  influencing  the  plasma  power  and  heat  transfer  proper¬ 
ties.  The  liquid  feedstock  was  injected  axially,  directly  into  the 
convergence  of  the  three  plasma  jets.  Nitrogen  was  used  as  an 
atomizing  gas  at  a  flow  rate  of  10  slpm.  The  torch  was  mounted  on 
a  robot  and  moved  in  a  raster  pattern  in  front  of  the  substrates.  The 
spray  parameters  used  for  the  experiments  are  listed  in  Table  1. 

Preliminary  coatings  were  deposited  onto  25.4  mm  diameter 
porous  stainless  steel  substrates  (Mott  Corporation,  Framingham,  CT, 
USA).  SPPS  coatings  were  reduced  in  a  40  vol.%  H2-60  vol.%  N2 
mixture  (total  flow  rate  250  seem)  at  600  °C  for  3  h  or  at  700  °C  for 
5  h.  Reduction  was  checked  by  X-ray  diffraction  (XRD)  measurements. 

2.3.  Coating  characterization 

A  Philips  diffractometer  (PW  1830  HT  generator  and  PW  1050 
goniometer)  using  Cu  Ka  radiation  was  used  to  determine  the 
phases  in  the  coatings.  XRD  patterns  were  recorded  in  the  range 
2(9  =  15-80°,  with  0.02°  and  2.5  s  angular  and  time  steps,  respec¬ 
tively.  Scanning  electron  microscopy  (SEM)  coupled  with  energy- 
dispersive  X-ray  spectroscopy  (EDS)  was  used  to  evaluate  the 
morphology  and  elemental  compositions  of  coatings,  respectively, 
using  (i)  a  JSM-840  JEOL  microscope,  complemented  by  a  PGT/AAT 
EDS  detector  and  an  IXRF  500  digital  pulse  processor  or  (ii)  a  Hita¬ 
chi  S-4500  field  emission  microscope,  complemented  by  an  Oxford 
Instruments  High  Purity  Germanium  EDS  Detector. 

2.4.  Coarsening  experiment 

A  furnace  test  was  realized  at  850  °C  for  72  h  using  a  ramp  rate 
of  10°Cmin^1  in  wet  (3%  H2O)  5  vol.%  H2  in  Ar  (total  flow  rate 
250  seem)  on  Ni-SDC  and  Nio.9(MgO)o.i-SDC  prepared  by  spraying 
parameters  SP1  in  Table  1.  The  addition  of  MgO  to  Ni-YSZ  cermets 
has  been  shown  to  prevent  nickel  particle  coarsening  by  Chinarro 
et  al.  [7]  and  as  such  only  MgO  addition  to  Ni-SDC  cermets  has  been 
investigated  in  this  coarsening  study. 

2.5.  Carbon  deposition  experiments 

Coatings  were  heated  in  a  tube  furnace  at  10  °Cmin-1  in  100% 
N2  to  700  °C,  at  which  point  CH4  was  added  at  40  vol.%  for  2  h, 
followed  by  100%  CH4  for  an  additional  1.5  h  (total  flow  rate 
250  seem).  The  weight  gain  determined  by  subtracting  the  initial 
weight  of  the  sample  from  the  final  weight  closely  represents  the 
amount  of  carbon  deposited  on  the  sample. 

Thermogravimetric  analysis  (TGA)  experiments  were  realized 
using  a  SETSYS  Evolution  TGA  device  (Setaram).  The  sample  was 
loaded  into  the  TGA  and  purged  at  200  seem  in  N2  for  10  min  at 
room  temperature,  followed  by  10  min  at  31  seem  N2.  The 


Table  1 

Summary  of  spraying  parameters. 


SP1 

SP2 

Ni2+  concentration  (±0.02  mol  L-1) 

0.70 

1.50 

Nozzle  size  (mm) 

14.3 

14.3 

Standoff  distance  (±2  mm) 

150 

90 

Plasma  gas  flow  rate  (±5  slpm) 

250 

175 

Plasma  gas  composition  (vol.%) 

15%  Ar 

30%  Ar 

80%  N2 

65%  N2 

5%  H2 

5%  H2 

Torch  arc  current  (±2  A  cathode-1) 

200 

200 

Feedstock  feed  rate  (±2  gmin-1) 

100 

50 

Total  plasma  torch  power  (±2  kW) 

126 

100 
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temperature  was  then  increased  under  the  latter  gas  atmosphere  to 
700  °C  at  50  °Cmin_1.  The  sample  was  then  exposed  to  4.8  vol.% 
CH4  balance  N2  at  a  total  flow  rate  of  31  seem  for  15  h.  The 
temperature  was  subsequently  reduced  to  lab  temperature  at 
25  °Cmin-1  under  the  same  gas  atmosphere  (4.8  vol.%  CH4). 

The  mass  flow  controllers  (Alicat  Scientific  Inc.,  Tucson,  AZ.) 
used  for  the  coarsening  experiment  and  carbon  deposition  exper¬ 
iments  have  a  full  scale  of  250  seem  and  were  factory  calibrated 
with  accuracy  specified  to  ±0.8%  of  reading  or  0.2%  of  full  scale, 
whichever  is  greater. 

3.  Results  and  discussion 

3.1.  Phase  formation 

Addition  of  nickel  cations  in  the  precursor  solution  along  with 
the  cations  in  the  fluorite  phases  leads  to  the  formation  of  NiO  and 
the  desired  fluorite  ceramic  phase,  as  seen  in  Fig.  1(a)  for  NiO-YSZ 
and  in  Fig.  2(a)  for  NiO-SDC.  Figs.  1(b)  and  2(b)  are  XRD  patterns 
of  (NiO)o.g(MgO)o.i-YSZ  and  (NiO)o.g(MgO)o.i-SDC  coatings  after 
deposition,  respectively.  MgO  and  NiO  peaks  are  not  readily 
distinguishable.  However,  even  though  the  MgO  and  NiO  XRD 
patterns  are  similar,  doublet  peaks  corresponding  to  both  phases 
appear  on  XRD  patterns  of  a  mixture  of  NiO  and  MgO  powders 
without  any  calcination  [16].  Although  the  lattice  parameters  in 
plasma-sprayed  coatings  typically  deviate  from  the  stress-free 
lattice  parameters  due  to  residual  stresses,  the  absence  of 
doublets  suggests  the  formation  of  a  solid  solution  of  NiO  and  MgO, 
(Ni,Mg)0.  Indeed,  MgO  and  NiO  have  similar  lattice  parameters 
(4.213  A  and  4.1769  A  in  their  stress-free  states,  respectively  [17]) 
and  bond  distances,  and  can  form  a  solid  solution  [6].  A  reduction 
step  at  700  °C  for  5  h  using  a  ramp  rate  of  10  °C  min-1  in  a  H2-N2 
mixture  leads  to  the  targeted  phases  of  Ni  metal,  MgO,  and  YSZ 
or  SDC  (Figs.  1(c)  and  2(c)).  Except  for  the  coatings  whose  XRD 
patterns  are  shown  in  Fig.  2(a)  and  (c),  which  were  fabricated  with 
conditions  SP1,  the  XRD  patterns  are  from  coatings  fabricated  using 
spraying  conditions  that  differ  slightly  from  the  SP1  conditions. 

3.2.  Microstructure  of  the  coatings 

Coatings  realized  by  SPPS  exhibit  fine  microstructures  with  high 
surface  area  (Figs.  3  and  4).  This  feature  may  lead  to  a  large  electro- 
catalytic  reaction  zone  and  allows  a  good  gas  supply  network,  which 
are  the  main  requirements  for  a  high-performance  electrode  [18]. 


Fig.  1.  XRD  patterns  of  coatings  composed  of  (a)  NiO-8YSZ  using  spraying  conditions 
SP1  modified  to  have  a  180  mm  standoff  distance,  (b)  (NiO)0.9(MgO)0.i-YSZ  using 
spraying  conditions  SP2  and  (c)  Ni0.9(MgO)0.i-YSZ  using  spraying  conditions  SP2  and 
deposited  on  stainless  steel  substrates. 


2  6  /  deg. 


Fig.  2.  XRD  patterns  of  coatings  composed  of  (a)  NiO-SDC  using  spraying  conditions 
SP1,  (b)  (NiO)o.9(MgO)0.i-SDC  using  spraying  conditions  SP1  and  (c)  Ni0.9(MgO)o.i-SDC 
using  spraying  conditions  SP1  modified  to  have  0%  H2,  250  A  cathode'1  and  a  100  mm 
standoff  distance.  All  coatings  sprayed  on  stainless  steel  substrates. 


Two  sets  of  parameters  were  used  to  spray  Ni-SDC  based  coat¬ 
ings.  The  plasma  generated  with  the  first  set  of  spray  parameters 
(SP1)  has  a  higher  velocity  and  higher  energy  than  that  produced 
with  the  second  set  of  parameters  (SP2).  However,  the  precursor 
solution  flow  rate  is  also  higher,  while  the  concentration  is  smaller. 
A  Ni-SDC  coating  (Fig.  4(b))  presents  a  similar  microstructure  as  Ni- 
YSZ  (Fig.  3(a)),  but  with  a  larger  quantity  of  finer  particles. 

Coating  morphology  depends  on  the  set  of  parameters  used  for 
spraying.  In  the  high-temperature  plasma  jet,  the  solution  droplets 
undergo  a  series  of  physical  changes  and  chemical  reactions  prior  to 
deposition  on  the  substrate,  including  evaporation  of  the  water  and 
formation  of  the  oxide  phases.  Depending  on  the  plasma  spraying 
conditions,  different  phenomena  may  occur  during  these  steps 
[19-22]. 

The  precursor  solution  is  atomized  into  multiple  precursor 
droplets,  with  a  wide  size  distribution  of  the  droplets.  The  solvent 
in  the  droplets,  which  in  our  case  is  water,  undergoes  rapid  evap¬ 
oration,  increasing  the  concentration  of  solute.  These  processes  are 
followed  by  precipitation,  gelation,  and  pyrolysis.  Pyrolysis  can 
occur  either  in  the  plasma  or  in  situ  on  the  substrate  if  the  unpyr- 
olysed  droplet  had  previously  impacted  the  substrate.  The  unpyr- 
olysed  gel-like  precursors  incorporated  into  the  coating  pyrolyze 
and  form  aggregates  of  solid  particles  when  subsequently  heated 
by  additional  passes  of  the  plasma  torch.  Pyrolysis  and  crystalli¬ 
zation  can  also  occur  before  the  substrate  impact,  with  droplets 
undergoing  crystallization  and  then  melting  in  the  plasma.  Splats 
are  formed  when  the  molten  droplets  impact  on  the  substrate,  and 
spherical  particles  could  be  formed  if  the  droplet  is  just  partially 
melted  (on  the  surface)  or  has  resolidified  and  is  incorporated  into 
the  coating  by  surrounding  melted  material. 

The  absence  of  splat-shaped  microstructural  features  or  even 
spherical  particles  for  Ni-SDC  sprayed  with  the  set  of  parameters 
SP1  is  evidence  that  little  melting  of  droplets  occurred  in  the 
plasma.  This  observation  is  consistent  with  the  fact  that  the  solu¬ 
tion  concentration  is  lower  for  spray  conditions  SP1  than  for  spray 
conditions  SP2  ([Ni2+]spi  =0.7  mol  IT1  for  the  set  of  parameters 
SP1  compared  to  [Ni2+]sp2  =  1.5  mol  IT1  for  the  set  of  parameters 
SP2).Thus,  it  is  highly  possible  that  most  of  the  elements  were 
vaporized  in  the  plasma,  and  then  subsequently  nucleated  at  the 
surface  of  the  substrate.  This  kind  of  coating  is  inherently  less 
adherent  to  the  substrate,  which  is  detrimental  for  the  long  term 
stability.  Despite  the  poorer  adherence,  stability  tests  were  per¬ 
formed  on  materials  fabricated  with  the  set  of  spray  parameters 


240 


E.  Lay  et  al.  /  Journal  of  Power  Sources  218  (2012)  237—243 


Fig.  3.  Scanning-electron  micrographs  of  (a)  Ni-YSZ  and  (b)  Ni0.9(MgO)0.i-YSZ  prepared  by  SPPS  using  spraying  parameters  SP2,  after  reduction. 


SP1  to  determine  the  impact  of  the  MgO  addition  on  microstruc- 
tural  coarsening. 

Magnesium  oxide  incorporation  results  in  a  larger  quantity  of 
finer  particles  both  for  Ni-YSZ  (Fig.  3(b))  and  Ni-SDC  (Fig.  4(c)  and 
(d))  based  coatings,  which  is  consistent  with  results  observed  in 
previous  studies  in  which  the  materials  were  synthesized  by  wet 
ceramic  processes  [4-6,23]. 

3.3.  Stability  test 

A  higher  dispersion  of  Ni  particles  could  lead  to  a  possible 
improvement  of  the  thermal  stability  [4].  Indeed,  one  of  the  Ni- 
based  cermet  degradation  mechanisms  is  the  coarsening  of  nickel 
grains  at  operating  temperatures,  which  leads  to  a  disruption  of  the 
percolation  path.  The  coatings  fabricated  by  SPPS  initially  present 
a  high  dispersion  of  nickel  particles.  To  investigate  the  stability  of 
the  microstructure  at  operating  temperatures,  the  influence  of  the 
microstructure  and  of  MgO  content  on  the  stability  was  investi¬ 
gated.  Fig.  5  presents  SEM  micrographs  of  two  coatings  heated  at 
850  °C  for  72  h  in  wet  (3  vol.%  H2O)  5  vol.%  H2  in  Ar,  one  with  and 


one  without  MgO.  Both  of  the  samples  contain  some  larger  particles 
of  nickel  after  heating  at  850  °C,  showing  that  nickel  coarsened 
somewhat  during  the  heating  step.  Fiowever,  the  final  micro- 
structural  feature  sizes  and  the  extent  of  coarsening  qualitatively 
appear  to  be  smaller  when  MgO  is  present  (Fig.  5(c)  and  (d)), 
compared  to  when  MgO  is  absent  (Fig.  5(a)  and  (b)).  As  a  conse¬ 
quence,  MgO  might  have  a  positive  influence  in  helping  to  prevent 
nickel  coarsening. 

3.4.  Carbon  deposition 

A  stability  test  in  methane  was  realized  in  dry  conditions 
(40  vol.%  CF14  in  N2,  followed  by  pure  methane).  In  these  conditions, 
the  primary  reaction  potentially  leading  to  coking  is  methane 
cracking: 

CH4— >C  +  2H2  (1) 

Fig.  6  presents  coating  micrographs  after  exposure  to  dry 
methane.  As  seen  in  Fig.  6(a)  and  (b),  both  Ni-YSZ  based  coatings 
present  some  fine  carbon  fibers,  with  the  Nio.9(MgO)o.i-YSZ 


Fig.  4.  Scanning-electron  micrograph  of  (a)  Ni-SDC  (SP1),  (b)  Ni-SDC  (SP2),  (c)  Nio.g(MgO)0.i-SDC  (SP1),  (d)  Ni0.9(MgO)o.i-SDC  (SP2)  prepared  by  SPPS  with  spraying  parameters  SP1 
or  SP2,  after  reduction. 


Fig.  6.  Scanning-electron  micrograph  of  (a)  Ni-YSZ,  (b)  Ni0.9(MgO)o.i-YSZ,  (c)  Ni-SDC  and  (d)  Ni0.9(MgO)o.i-SDC  after  CH4  exposure  test  at  700  °C  (40  vol.%  CH4  in  N2,  followed  by 
pure  methane). 
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showing  substantially  fewer  carbon  fibers,  whereas  Ni-SDC 
(Fig.  6(c))  and  Nio.g(MgO)o.i-SDC  (Fig.  6(d))  show  different 
methane  responses  from  those  of  the  Ni-YSZ  and  Nio.g(MgO)o.i-YSZ 
coatings.  While  both  the  Ni-SDC  and  Nio.g(MgO)o.i-SDC  have  visible 
carbon  fibers,  the  carbon  fibers  are  coarser  on  the  Ni-SDC  coating 
than  on  the  Ni0.g(MgO)o.i-SDC  coating.  The  diameters  of  the 
observed  carbon  fibers  are  generally  similar  to  the  size  of  the  Ni 
particles  [24],  which  is  consistent  with  the  dispersion  effect  of  MgO 
on  Ni  particles.  Table  2  reports  the  quantity  of  carbon  deposited 
during  the  stability  tests  in  methane  compared  to  both  the  total 
coating  weight  after  reduction  and  the  Ni  content.  Addition  of 
magnesium  oxide  by  spraying  with  parameters  SP2  improves  the 
coking  resistance  for  both  Ni-SDC  and  Ni-YSZ. 

A  similar  amount  of  carbon  deposition  has  been  reported  on 
(NiO)o.g(MgO)o.i-SDC  after  a  test  in  dry  methane  at  750  °C  [25]. 
Since  the  size  of  Ni  particles  in  SPPS  coatings  is  already  in  the 
submicrometer  range,  it  may  be  that  the  addition  of  MgO  slowed 
the  sintering  process  of  the  nickel  particles,  and  may  have  inter¬ 
fered  with  the  formation  and  deposition  of  long  carbon  fibers  by 
separating  the  catalytic  reaction  sites  on  Ni  [26],  potentially  thereby 
slowing  down  the  rate  at  which  the  carbon  fibers  could  form  on  the 
nickel  catalyst. 

A  carbon  deposition  test  was  also  performed  on  a  sample  that 
contains  less  magnesia,  Nio.g7(MgO)o.o3-YSZ,  with  carbon  weight 
gain  monitored  by  TGA  (Fig.  7).  As  one  can  see  in  Fig.  7,  the  addition 
of  the  smaller  amount  of  MgO  results  in  an  increase  in  coking,  with 
a  higher  rate  of  carbon  deposition  for  the  first  2  h.  After  several 
hours,  both  specimens  slowed  in  their  rate  of  carbon  deposition.  In 
the  dry  methane  conditions  tested,  reaction  (1)  is  probably  the 
reaction  occurring.  When  the  rate  of  coking  drops  and  the  carbon 
weight  approaches  a  plateau,  an  equilibrium  is  achieved  between 
the  formation  of  coke  (1)  and  its  gasification. 

This  experimental  result  is  in  agreement  with  a  furnace  test 
realized  in  wet  (3%  H20)  4  vol.%  CH4  in  N2  (S/C  =  0.75)  at  700  °C  on 
similar  materials.  After  3  h  in  these  conditions,  the  weight  gain  due 
to  carbon  was  +107  wt.%  for  the  Ni-YSZ  coating  and  +345  wt.%  for 
the  Nio.g7(MgO)o.o3-YSZ,  with  respect  to  Ni  weight.  After  3  h  in  dry 
methane  during  the  TGA  experiment  (Fig.  7),  the  weight  gain  due  to 
carbon  was  +161  wt.%  for  the  Ni-YSZ  coating  and  +426  wt.%  for  the 
Nio.g7(MgO)o.o3-YSZ,  with  respect  to  Ni  weight.  The  weight  gain 
decreases  with  the  addition  of  steam,  because  steam  reforming  (2) 
is  likely  occurring,  along  with  water-gas  shift  (3),  thus  reducing  the 
amount  of  CH4  that  pyrolyzes  to  deposit  carbon: 

CH4  +  H20  -  CO  +  3H2  (2) 

CO  +  H20  =  C02  +  H2  (3) 

In  the  experiments  both  with  and  without  3%  H20  added,  carbon 
deposition  increased  by  at  least  a  factor  of  two  when  a  small  quantity 
of  MgO  (3  mol.%  compared  to  Ni)  was  present  in  the  coating.  This 
result  shows  that  a  minimum  amount  of  MgO  is  necessary  to  prevent 
carbon  deposition.  A  previous  study  [27]  shows  that  the  carbon 
deposition  extent  depends  on  the  MgO  quantity,  but  does  not  follow 
a  proportional  trend.  The  authors  studied  the  stability  of  Nii_x(M- 
gO)x  with  x  =  0.13,  0.42,  0.59.  In  that  study,  there  was  a  decrease  in 


Table  2 

Carbon  quantity  deposited  on  the  coatings  with  respect  to  nickel  weight  in  the 
coatings  after  exposure  to  dry  methane  at  700  °C. 


Sample 

Ni-YSZ  based 

Ni-SDC  based 

cermet  (wt.% 

cermet  (wt.% 

C  w.r.t  Ni) 

C  w.r.t.  Ni) 

Without  MgO 

641  ±  46 

283  ±20 

With  MgO 

340  ±27 

58±  10 

Fig.  7.  TGA  experiment  in  4%  CH4  in  N2  at  700  °C  realized  on  Ni0.97(MgO)0.o3-YSZ  and 
Ni-YSZ. 

carbon  deposition  with  increasing  content  of  MgO,  but  the  optimum 
values  were  x  =  0.13  and  0.59  wt.%,  and  the  carbon  weight  gain  was 
higher  for  x  =  0.42  (but  smaller  than  for  x  =  0). 

An  optimization  study  of  the  amount  of  magnesia  in  the  coating 
must  be  performed  to  identify  the  best  amount  for  anodes  made  by 
each  fabrication  process. 

The  basicity  properties  of  MgO  have  been  found  to  improve  the 
CH4  reforming  activity  by  promoting  interaction  with  reactant  gases 
such  as  H20  and/or  C02  [6,28].  Also,  the  basic  catalyst  promotes  the 
steam  gasification  reaction  between  steam  and  carbon  (4): 

C  +  H20  =  CO  +  H2  (4) 

This  phenomenon  occurs  for  both  small  and  large  MgO 
amounts.  For  example,  carbon  deposition  was  reported  in  CF14-N2 
on  Nio.03Mgo.g7O  at  500  °C  for  2  h  [6],  while  little  deposited  coke 
(<  1.0  wt.%)  was  formed  on  the  solid  solution  Nio.032Mgo.g6sO 
catalyst  over  65  h  of  steam  reforming  of  methane  (S/C=  1)  [29]. 
Asamoto  et  al.  [30]  reported  that  introducing  MgO  in  a  Ni/SDC 
(Ni0.87(MgO)0.i3  composition)  anode  has  no  effect  on  reducing  the 
extent  of  carbon  deposition  compared  to  Ni-SDC  in  dry  methane. 
However,  no  carbon  formation  was  obtained  on  a  reduced 
Nio.i(MgO)0.g  catalyst  after  a  test  in  50  vol.%  CO2-50  vol.%  CH4  for 
120  h  [31]. 

The  decrease  in  coke  formation  and  deposition  even  in  dry 
methane  observed  in  this  study  for  specimens  made  with  10  mol.% 
MgO  compared  to  Ni  could  be  linked  to  2  mechanisms: 

(i)  The  added  basic  metal  oxide  might  cover  a  part  of  the  Ni  metal 
surface;  the  oxide  might  thereby  block  Ni  sites  for  nucleation 
of  carbon.  Indeed,  the  cracking  reaction  requires  a  large 
ensemble  of  Ni  surface  sites  [26]. 

( ii )  The  added  basic  metal  oxides  increase  the  electron  density  of  the 
Ni  metal  [27,32].  This  electronic  enrichment  results  in  a  higher 
affinity  of  metal  particles  toward  electron-attractor  C  and  O 
species,  thereby  depressing  the  reactivity  of  the  Ni/MgO  system 
in  the  Boudouard  reactions.  As  a  consequence,  the  kinetics  of 
coke  formation  might  be  slower  than  that  of  carbon  gasification, 
preventing  extensive  coking  of  the  catalyst  surface  [32]. 

4.  Conclusions 

Solution  precursor  plasma  spraying  is  a  coating  technique  that 
combines  the  synthesis  and  the  consolidation  processes  into 
a  single  step.  The  process  saves  time  and  avoids  some  of  the 
problems,  such  as  inter-reaction,  encountered  during  conventional 
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wet  ceramic  deposition  procedures.  This  method  was  used  in  this 
study  to  fabricate  Ni-based  cermet  coatings  with  the  addition  of 
MgO.  MgO  addition  in  Ni-YSZ  and  Ni-SDC  cermets  results  in  solid 
solution  (Ni,Mg)0  formation,  and  nickel  particles  are  finer  than 
without  magnesia.  The  influence  of  MgO  on  the  chemical  stability 
of  cermets  in  anodic  operating  conditions  is  also  discussed,  with 
MgO  reducing  the  amount  of  carbon  deposited  relative  to  the  nickel 
content  for  the  anodes  deposited  using  spray  conditions  SP2,  when 
the  MgO  is  present  in  quantities  of  10  mol.%  relative  to  the  Ni. 
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